Abstract
external forces can be used to model interactions with terrain or predators.
48
The main strength of the agent-based modeling framework is the relative ease by 49 which swarming behavior emerges from local interactions. This is however also its 
58
of force hypotheses building on knowledge about the system under consideration.
For more details, see the "Materials and Methods" section.
68
The FM method relies on dynamical data, and to this date no such data of large 69 swarms exists publicly available. While the technical challenges of obtaining tra-70 jectory data are demanding, there is currently an increased effort in collecting large As a demonstration problem, we focus on distinguishing between two compet- are topological. In that study it was also argued that each bird is interacting with its 86 6 or 7 nearest neighbors, but the detailed nature of the interactions could not be in-87 ferred. The ideal would be to use reconstructed trajectories of individual starlings, 88 but this is unfortunately not available at present (Ballerini, personal communica-89 tion). In lieu of this data we apply our method to simulated flocking dynamic under 90 the geometrical and topological scenarios. Our analysis proceeds in two steps. First, 91 we show that both the geometric and the topological scenario are very difficult to 92 tell apart by fitting simulations of the geometric scenario using topological forces.
93
Second, we demonstrate how including all forces in the fitting process solves this 94 problem, and allows one to assess the relative power of either scenario to explain 95 the varition in the forces observed in the sampled trajectories.
96

MATERIALS AND METHODS
97
Generation of trajectory data for force matching 98 The trajectory data used in testing the FM methodology are generated from com- scenario is modeled using the following equations of motion:
(1) 
111
The noise vector is necessary in combination with the drag force to set the average 112 speed of the individuals. Each component of the noise vector is an independent 113 random variable, uncorrelated between individuals and in time.
114
In the topological scenario, the equations of motion are nearly identical, 
126
The force matching method
127
For a particle system where the trajectories are sampled with a time resolution ade-128 quate to decide the acceleration of each particle, the FM method is a useful tool to 
136 where the average runs over local configurations in both space and time. The force 137 at time t, F i (t), is estimated using a finite difference approximation of the accelera-
138
tion from three consecutive time steps:
140
Setting up the force hypotheses generally requires knowledge about the system 141 that is examined. Contrary to molecular particle systems, it is obviously impossible hypotheses.
147
We show how the FM method can be used to assess the capability of competing indicator function which is one when r belongs to bin k and is zero otherwise.
156
Second, to distinguish between the two scenarios for a simulated swarm, we let 157 the hypothesized forcesF h il include both the geometrical and topological scenarios.
158
Using Equations (1) and (2) this leads to the following statistical model for the force 159 on particle i: structure is an effect of the repulsive force being equal in both cases.
235
DISCUSSION
236
Our findings can be summarized in two main points: First, we suggest to adapt and The force matching is efficient if all individuals can be classified, with individ-248 uals in a class following identical rules (in this paper we have only considered one 249 class). In practice a classification could be based on e.g. morphology, such as size.
250
However, if the rule variation is caused by traits that are harder to distinguish, e.g.
251
genetic variation, it poses a much larger challenge to the method. Another possi-252 ble problem is that the interaction rules could be non-deterministic. However, this
253
is not a fundamental problem, since it should be relatively straight forward to ex-
254
pand the framework to include stochastic interaction rules. This is currently work 255 in progress.
256
The need for high temporal resolution may seem as a severe restriction on the 257 FM method. In practice however, a mitigating factor is that trajectories need only 
